Charge, spin and lattice degrees of freedom are strongly entangled in iron superconductors. A neat consequence of this entanglement is the behavior of the A1g As-phonon resonance in the different polarization symmetries of Raman spectroscopy when undergoing the magneto-structural transition. In this work we show that the observed behavior could be a direct consequence of the coupling of the phonons with the electronic excitations in the anisotropic magnetic state. We discuss this scenario within a five orbital tight-binding model coupled to phonons via the dependence of the Slater-Koster parameters on the As position. We identify two qualitatively different channels of the electron-phonon interaction: a geometrical one related to the Fe-As-Fe angle α and another one associated with the modification upon As displacement of the Fe-As energy integrals pdσ and pdπ. While both mechanisms result in a finite B1g response, the behavior of the phonon intensity in the A1g and B1g Raman polarization geometries is qualitatively different when the coupling is driven by the angle or by the energy integral dependence. We discuss our results in view of the experimental reports.
I. INTRODUCTION
There is ample experimental evidence that iron pnictides present a rich interplay between charge, lattice and magnetic degrees of freedom. The magnetic transition is commonly accompanied by a structural one. Several phononic spectroscopic signatures show unconventional behavior in the magnetic state.
1-8 At the theoretical level, ab-initio calculations show that the lattice constants and the phonon frequencies depend sensitively on the presence of magnetism, 9,10 and the comparison with experimental measurements is improved when magnetism is included in the calculations. 9, [11] [12] [13] [14] [15] Furthermore, the electron-phonon coupling has been shown to be enhanced by magnetism. 10, 11, [16] [17] [18] [19] [20] Within this scenario, the role of the spin degree of freedom in the electronphonon coupling and its possible relevance in the mechanism of superconductivity has been emphasized in several works. 16, 18, 21, 22 The electronic and magnetic properties are especially sensitive to the height of the pnictogen atom, which affects the band structure at the Fermi level, 23, 24 the magnetic moment, 9, 16, 21, [25] [26] [27] and possibly the superconducting critical temperature and gap.
28-31 Accordingly, the A 1g As-phonon, which involves vibrations of the As atoms along the c-axis (see Fig. 1 ) seems to play a special role. Coupling to this phonon has been detected by ultrafast techniques. [32] [33] [34] [35] A rapid development of the magnetic ordering upon the vibrational displacement of the A 1g As-phonon has been observed. 32 Features in the ARPES spectrum of 11 compounds with an energy scale close to the one of this phonon have been interpreted in terms of polaron formation. 36 Raman response represents a powerful tool for investigating the properties of lattice dynamics. 1, 3, 5, 8, [37] [38] [39] [40] [41] [42] [43] A significant narrowing of the A 1g As-phonon linewidth at the onset of magnetism has been reported, whereas both softening and hardening of the phonon frequency with decreasing temperature have been observed. 1, 39, 41 Crucial information is also encoded in the intensity of the phonon resonances. In the undistorted paramagnetic state, the A 1g As-phonon is active neither in the B 1g nor in the B 2g polarization symmetries. When undergoing the magnetostructural transition, a strong phonon signal emerges in the B 1g Raman response but not in B 2g . 8, 42 In 122 compounds the A 1g intensity shows a strong enhancement in the magnetic state. 1, 3, 8, 42 On spite of this, in BaFe 2 As 2 the B 1g intensity is about 1.5 times larger than the A 1g intensity. 8, 42 This is not accounted for by the orthorhombic distortion alone, in agreement with the small B 1g Raman intensity observed below the non-magnetic structural transition in FeSe. 44 The aim of this paper is to analyze the unusual Raman response and the changes on the phonon properties in the magnetic state. We show that the dynamical electronphonon coupling can be responsible for large and unconventional anomalies in the phonon Raman spectrum. We focus on the out-of-plane As lattice vibrations (the A 1g As-phonon) for which we explicitly calculate the electronphonon coupling within the context of a tight-binding Slater-Koster formalism. The electron-phonon coupling is formally split into two main qualitatively different contributions: i) a purely geometrical one (ĝ α ), related to the variation of the Fe-As-Fe angle α; and ii) a second one (ĝ pd ) coming from the variation of the Slater-Koster energy integrals pdσ and pdπ (see Ref. [24] ) upon the modulation of the Fe-As distance. We consider the (π, 0) magnetic state with magnetic moments ordered antiferro-magnetically in the x direction and ferromagnetically in the y direction. Magnetism is included at the mean-field Hartree-Fock level, 45, 46 and we study separately its interplay with the sources (i)-(ii) of the electron-phonon interaction. The Raman response is evaluated in the paramagnetic and in the (π, 0) magnetic states using the proper generalization of the charge-phonon theory 47 discussed in Refs. [48, 49] .
Under generic conditions and excluding any static lattice distortion, the coupling of the phonons with the electronic excitations in the magnetic phase is able by itself to induce a Raman intensity in the B 1g Raman polarization. This is due to the symmetry breaking in the anisotropic magnetic state. Only the electron-phonon couplingĝ α accounts for the fact that the B 1g Raman signal can be larger than the A 1g Raman signal, the latter strongly decreasing in the magnetic state. A large enhancement in A 1g with magnetism appears when coupling electrons and phonons viaĝ pd . Based on symmetry considerations, we argue that in the double stripe magnetic order of FeTe the out-of-plane A 1g vibrations of the Te atoms will show finite Raman intensity only within the B 2g polarization set-up and not in the B 1g one. With increasing interactions the phonon frequency softens when entering into the magnetic state but hardening is observed for theĝ pd coupling for the largest values of the on-site electronic interactions U considered.
II. THEORY

A. Model
The Hamiltonian we use to study the electron-phonon coupling on the Fe superconductors has three terms
H 0 is the five Fe d-orbital tight-binding model for the Fe-As planes, obtained after eliminating the As degree of freedom and previously proposed in Ref. [24] . H ph is the phonon part including the free phonon and the electron-phonon interaction, and H U contains the electronic interactions. The one Fe unit cell is used with x and y directions along the nearest neighbor Fe-Fe bonds.
In the following we describe in detail each of the terms of the Hamiltonian. a. Free electron part. The band structure of the system is taken into account via the free electron term H 0
where c † kµσ creates an electron on the Fe d-orbital µ with spin σ and wave vector k, and c † iµσ represents the same operator in real space. F r µν (k) is the electronic k-dispersion relation 24 and µ is the crystal field. r labels the three different directions for the hoppings t with different k-dispersions, taken into account: between first neighbors in the x-direction, first neighbors in the ydirection, and second neighbors.
Direct Fe-Fe hoppings between their d-orbitals and indirect through the As p-orbitals are considered. Indirect hopping is included to second order in perturbation theory. 24 Within the Slater-Koster framework considered, 50 the hopping parameters have explicit information on the geometry of the pnictogen tetrahedra. These parameters depend on α, the angle between the Fe-As bond and the Fe plane (see Fig. 1 ) and on the energy integrals. The direct Fe-Fe hoppings depend on the energy integrals ddσ, ddπ and ddδ between the Fe d-orbitals while the indirect (through the As) Fe-Fe hoppings depend on pdσ and pdπ between the Fe d-orbitals and the As p-orbitals. These energy integrals are a function of the relative distance between the constituent atoms. The analytic expressions for all the hoppings t r µν are given in Ref. [24] .
The energy integrals and crystal field µ parameters in Eq. (2) are chosen to correctly describe the bands, their orbital compositions, the Fermi surface, and the modification induced by α as provided by electronic structure calculations. Details are given in Ref. [24] . H 0 has tetragonal symmetry, i.e. the static orthorhombic distortion found in the magnetic phase is not included in our calculations. b. Phonon part. H ph is given by
where a † q creates a phonon in the A 1g As-mode at wave vector q, ω q is the phonon frequency and g M µν (k, q) the electron-phonon matrix element between orbitals µ and ν. M labels the type of interaction considered. The vertical displacement of the As atoms δh (squeezing and elongating the tetrahedra) gives rise to a modification of α around the equilibrium position α 0 and to a variation of the energy integrals pdσ and pdπ (only the indirect hoppings are affected by this phonon). The two interaction terms that arise are labelledĝ α andĝ pd , namely, M = α and M = pd respectively. In each of these cases, the electron-phonon interaction may arise from the variation of the hopping t r µν with phonon coordinates giving rise to non-local contributions, and from the variation of the crystal field µ resulting in local contributions: 
with δα = 
This contribution to the interaction Hamiltonian appears as a constant (non k-dependent) diagonal term. g pd involves the derivatives of the hoppings with respect to pdσ and pdπ. These integrals are a decaying function of R, the distance between Fe and As atoms. R is related to h as R = h/ sin α. We assume the R dependence is the same for both pdσ and pdπ: pdσ = C pdσ f (R) and pdπ = C pdπ f (R). If R 0 is the Fe-As distance corresponding to the equilibrium angle α 0 , pdσ 0 = C pdσ f (R 0 ) and pdπ 0 = C pdπ f (R 0 ). Expanding around this equilib-
∂R δR , and equivalently for pdπ. Therefore, δpdσ = pdσ 0
pdσ0 δpdσ. Using these relations, in the orbital basis
Here we take f (R) = 1/R 4 . This dependence is valid assuming the p and d orbitals are very localized and they only couple through plane-wave corrections to the atomic state wave-functions. 51 The pnictides have a strong covalent character that may invalidate the localization assumption, hence this particular functional dependence must be taken with caution. Therefore, a direct quantitative comparison betweenĝ α andĝ pd would not be reliable, hence we present the results for the two electronphonon interactions separately. c. Correlation part. H U includes the local interactions (intraorbital U , Hund's coupling J H and interorbital U = U − 2J H ) and is treated within Hartree-Fock mean field approximation with focus on the (π, 0) antiferromagnetic state (see Refs. [45, 46] for details). The Hartree-Fock self-consistency includes the electronic degrees of freedom and not the phonons. The model without phonons (H 0 + H U ) has been previously used to study the magnetic phase diagram as a function of U and J H /U within a Hartree-Fock approximation.
45,46,52
With increasing U a metallic AF (π, 0) state arises. For a narrow range of values of U , the system can be described as itinerant, but a strong orbital differentiation develops for larger values of U . 46 In the orbital differentiated region, the 3z 2 − r 2 , x 2 − y 2 and zx orbitals are itinerant while xy and yz are gapped at half-filling at the Fermi energy. These results are consistent with experimental 53, 54 and theoretical [55] [56] [57] [58] reports of different renormalization values for the bands depending on their orbital character. In our calculations, 46 for J H /U = 0.25 the itinerant region occurs for 1.45 eV< U < 1.7 eV and the orbital differentiation for U > 1.7 eV.
B. Phonon-mediated Raman scattering theory
Raman scattering measures the total cross section of the inelastic scattering of electrons with ω I and ω S the frequency of the incident and the scattered light respectively and r 0 the Thomson radius. The Raman intensity can be related to the imaginary part of the Raman response function
with λ = B 1g , B 2g , A 1g the symmetries of the squared lattice point group depending on the incident and scattered photon polarizations represented in Fig. 2 . The symmetries are defined with the x and y axis along the Fe-Fe nearest-neighbors, as in the Hamiltonian. This definition is different from the one used in some experimental papers.
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Only non-resonant diagrams are included in the calculation of the Raman response. To study the phonon contribution we use the charge-phonon theory originally proposed by M.J. Rice 47 for the optical conductivity and recently used 48, 49 to study the Raman response in graphene. The Raman response includes the diagrams shown in Fig. 3 : the electronic bubble contribution χ 
The electronic Raman response χ λ el−el was studied in Ref. [59] and is not discussed in this work. Here we concentrate our attention on the phonon-mediated Raman response that can be expressed as a sum on all electronphonon channels M, M : ∆χ
with D 0 (Ω) = D 0 (q = 0, Ω) the phonon propagator. To address separately the contribution of a single electron-phonon channel we focus on the diagonal part of ∆χ λ ph,M,M = ∆χ λ ph,M . In the vicinity of the resonance we can approximate
with Ω 0 the phonon frequency and Γ 0 the phonon scattering rate. χ λ M is a mixed response which includes both the electron-phonon couplingsĝ M defined in Eqs. (4)- (5) and (6)- (7) and the Raman vertex γ λ . The γ λ vertices encode information of the incident and scattered light, and the point group symmetry of the squared lattice. 60 In the orbital basis they are given by:
Separating real and imaginary parts χ
with δ functions broadened by η. Here V is the volume, E n , E n label the energies of the bands n and n , f (E) is the Fermi function, g
with a µn the matrix which rotates between the orbital and the band basis. 59 The matrix elements g 
with the intensity prefactor I given by
This formula will be used below to study the symmetry dependence and intensity of the A 1g As-phonon. If |q 
C. Phonon self-energy
We study the q = 0 phonon self-energy contribution Π M (Ω) = Π M (Ω) + iΠ M (Ω) arising from the coupling to the electrons. The real part produces a hardening or softening of the phonon and the imaginary part contributes to the phonon broadening. In the second order perturbation theory approximation, 61 (see Fig. 4 ) the phonon self-energy can be expressed as a sum on all the electronphonon channels M, M :
We consider only the diagonal part of the self-energy Π M (Ω) for which the real and imaginary part read
A small broadening η, which also enters in the δ functions, has been introduced.
III. RESULTS
We have calculated the phonon contribution to the Raman response and the correction to the phonon selfenergy induced by the electron-phonon coupling in the paramagnetic and (π, 0) antiferromagnetic states at zero temperature. We study the A 1g As-phonon and consider the two electron-phonon couplings introduced in Section II A,ĝ α andĝ pd . We choose generic interactions to describe the iron pnictides, J H = 0.25U with U ranging from the paramagnetic phase U < 1.45 eV, through the itinerant magnetic phase 1.45 eV< U < 1.7 eV to the orbital differentiated region 46 U > 1.7 eV. α 0 = 35.3
• and n = 6, corresponding to a regular tetrahedra and undoped pnictides, are considered unless otherwise stated. We take δh = 0.02Å, and Ω 0 = 20 meV and Γ 0 = 1 meV for the phonon frequency and scattering rate (values are similar to the experimental ones 1, 39, 41 ). Within the Hartree-Fock approximation used here to include the local interactions, the renormalization of the bands is not properly accounted for. Comparison of ab-initio electronic structure calculations and ARPES measurements render a factor of 3 for the renormalization of the bands. Therefore once the ground state has been obtained, the energy bands are divided by 3 to account for the renormalization observed in ARPES experiments 62 and not reproduced at the Hartree-Fock level.
A. Raman response 63 While H 0 is tetragonal, this symmetry is broken in the anisotropic (π, 0) magnetic state. The x and y directions become inequivalent due to the reorganization of the electronic degrees of freedom. The B 1g signal is antisymmetric under the k x → k y rotation, see Eq. (13), and it is sensitive to k x being non equivalent to k y in the magnetic state. This sensitivity results in a finite I B1g M . B 2g , however, is antisymmetric under either k x → −k x or k y → −k y , see Eq. (14) . I
B2g M
is not sensitive to the breaking of the tetragonal symmetry in the (π, 0) state and remains zero.
A strong change in the intensity is also observed in the A 1g Raman polarization when entering in the magnetic state. The Raman intensity I A1g M is related to the real part of the mixed bubble at the phonon frequency χ The non-local components of the electron-phonon interactions, Eqs. (4) and (6), appear to dominate the qualitative behaviour of the Raman intensity. This can be seen by comparing the total intensities in Fig. 5 with the non-local terms of the mixed bubble χ Fig. 6 we see that the different behaviors observed in the Raman intensity in Fig. 5 for the two electron-phonon couplings as a function of U are partly a consequence of the fact that in some cases different contributions add up and in other cases subtract.
The Raman intensities are not just a simple function of the magnetic moment (see inset in Fig. 5(b) ). Nonmonotonic dependences in momentum are frequently found, especially in the itinerant region. This becomes also clear when comparing the spectrum corresponding to different angles α 0 , electron filling n and interactions (not shown). A change in the electron filling and Fe-AsFe angle induces changes in the band structure and in the transitions at energies close to Ω 0 and consequently in the Raman spectrum.
The Fano factors q U , q λ M is strongly dependent on the parameters. Fig. 7 shows the contributions of the electron-phonon couplings to the renormalization of the phonon frequency and to the phonon scattering rate as a function of U (see Section II C). To better visualize the variations of the phonon frequency and phonon broadening when entering in the magnetic state, we plot Fig. 7 (a) and Fig. 7 (b) .
B. Phonon self-energy
When entering into the magnetic state (U ≥ 1.45 eV), both ∆Ω α (black) and ∆Ω pd (red) are negative, resulting in phonon softening. This non-intuitive behavior is linked to the multi-band character of the iron pnictides. Since Π M (Ω) is the Kramers-Kronig integral of Π M (Ω), the softening is related to the spectral weight redistribution from high energies (Ω > Ω 0 ) to lower energies (Ω < Ω 0 ) when entering into the magnetic state. In one band models when a gap opens there is a shift of the spectral weight to higher energies and hardening is expected. Due to the multiorbital character of the iron superconductors, the reorganization of the low-energy spectral weight is non trivial and part of the spectra shifts closer to the Fermi energy, see for example Fig. 3 in Ref. [59] . ∆Ω α is negative in all the range of parameters studied. On the contrary, the non-monotonic behavior of ∆Ω pd results in hardening for U > 1.9 eV. The different behavior due tô g pd andĝ α couplings at large values of U is associated with the different way in which the parameters |g (21) and (22) .
As shown in Fig. 7 (b) , ∆Γ α and ∆Γ pd as a function of U are non-monotonic. They change considerably when entering into the magnetic state. Narrowing (broadening) of the phonon linewidth corresponds to negative (positive) ∆Γ M . The large peak at the onset of magnetism at U = 1.45 eV is due to a particular band structure reorganization and is not a robust feature for other parameters. For larger interactions, the linewidth shows non-monotonic behavior: with narrowing followed by broadening.
IV. DISCUSSION AND COMPARISON TO EXPERIMENTS
Here we discuss our results in comparison with experiment. Note that we address the onset of the magnetic state as a function of the interaction U at zero temperature, while in an experiment the varying parameter is the temperature and the interaction U remains constant. Experimentally, the A 1g As-phonon appears in the A 1g polarization symmetry in the paramagnetic state as a small or non-identifiable peak, 1, 8, 42, 43 depending on the compound. This peak is strongly enhanced in 122 compounds when decreasing the temperature through the magneto-structural transition. 1, 3, 8, 42 No phonon peak is observed because of symmetry in the B 1g polarization geometry in the paramagnetic state whereas a phonon anomaly clearly emerges in the magnetic phase. 8, 42, 43, 64 In BaFe 2 As 2 the B 1g instensity is larger than the one corresponding to the A 1g polarization symmetry. 8, 42 No peaks are observed in the B 2g symmetry in either state. Our calculations reproduce the appearance of a peak in the B 1g Raman polarization and not in the B 2g one in the anisotropic magnetic state without invoking the structural transition. As discussed in the previous section, this is a consequence of symmetry and not specific to any particular electron-phonon coupling. For the same reason no Raman signal is obtained in any of these symmetries B 1g and B 2g in the paramagnetic tetragonal state.
Whereas the appearance or not of an A 1g As-phonon peak in the different polarization geometries is quite simple, being dictated by pure group theory arguments, the quantitative discussion of the relative intensities is trickier. Each of the couplings here considered,ĝ α andĝ pd , accounts for one of the features observed experimentally but none of them alone can explain both. The coupling viaĝ α results, for interactions U > 1.8 eV, in a larger intensity in the B 1g Raman polarization with respect to the A 1g one, as observed experimentally in BaFe 2 As 2 .
8,42
However, this behavior is accompanied by a reduction of the maximum intensity in the A 1g polarization symmetry by an order of magnitude in the magnetic state. This is at odds with the strong enhancement of the A 1g peak intensity experimentally observed in 122 compounds. 1, 3, 8, 42 An increase of A 1g is observed with the couplingĝ pd but with I A1g >> I B1g .
With the estimated couplings,ĝ pd would dominate the Raman response and I A1g > I B1g would be expected (see Fig. 5 ). However, as discussed in Section II A, the exact dependence of the energy integrals on the As position f (R) is not known. The 1/R 4 function used is valid for localized orbitals and could strongly overestimate the electron-phonon coupling in a covalent system such as the iron pnictides. A more realistic functional dependence f (R), with a slower dependence on R, or a difference in the distance dependence of pdσ and pdπ could result in a dominance ofĝ α with I B1g > I A1g . However, note that the relation between magnetization and the system geometry resulting from LDA calculations, 16 with an increase of the magnetization for elongated tetrahedra, would be consistent with a dominance of the pd-dependence on the hoppings, while if they are modified according to the α-dependence, the magnetization decreases (see Fig. 7 in Ref. [46] with changes in the phonon frequency of the order of 1−3 cm −1 with respect to the zero temperature value. Both electron-phonon coupling and phonon-phonon interaction are expected to contribute to the frequency renormalization, but it is not obvious how to separate the two contributions. Our calculations report softening with frequency renormalizations of the same order of magnitude as experimentally found, except in the case ofĝ pd coupling at large on-site interactions U which shows hardening.
Raman experiments have also reported a narrowing of the phonon linewidth which, depending on the material, ranges from 1 to 3 cm −1 when undergoing a magnetic transition. 1, 39, 41 For different on-site interactions, our calculations show both narrowing and broadening, but with a change in linewidth smaller than observed experimentally. The largest values are associated with the electron-phonon coupling channelĝ pd . The scattering rate is also very sensitive to the broadening parameter η, related to the electron scattering rate which is reduced in the magnetic state.
Our results show several features compatible with experimental reports but do not offer a completely satisfactory description of the experiments. It is not clear to us whether the discrepancies arise from the approximations done in the calculations (Hartree-Fock description of interactions and magnetism, neglection of the resonant Raman diagrams, lack of a self-consistent treatment of magnetization and phonons on an equal footing, or the coupling constants estimates) or whether electron-phonon couplings beyond those discussed here should be considered. Some of these electron-phonon couplings are (a) the dependence of the Coulombic crystal field Coul µ on the As position, (b) the dependence of the electronic interaction parameter U on the As-position due to the change in the screening 65 or (c) the spin-phonon coupling.
5,21
V. SUMMARY
In summary, in this paper we have calculated the Raman spectral properties of the optical out-of-plane As lattice vibrations (the A 1g As-phonon) in the paramagnetic and in the (π, 0) magnetic states of the iron pnictides. Using a tight binding Hamiltonian 24 based on the Slater-Koster approach, we have identified two qualitatively different sources of electron-phonon coupling: one related to the Fe-As-Fe angle α (ĝ α ), and one related to the Fe-As energy integrals pdσ and pdπ (ĝ pd ). Both of them contain a local (k independent) term and a non-local (k dependent) term, associated with the phonon modulation of the atomic Fe energy levels and with the effective Fe-Fe hopping amplitudes, respectively. The magnetic order has been taken into account by means of a meanfield Hartree-Fock of the electronic Hamiltonian. 45, 46 The Raman response of the A 1g As-phonon has been calculated using a suitable generalization of the charge-phonon theory 47 to the Raman scattering.
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Our results indicate that a finite Raman intensity can be observed in the magnetic state in the B 1g but not in the B 2g polarization and it is a consequence of the coupling of the phonons to an anisotropic electronic state with non-equivalent x and y directions. Electron-phonon coupling viaĝ α can result in a Raman signal larger in the B 1g symmetry than in the A 1g symmetry, as observed experimentally in BaFe 2 As 2 . On the other hand, withĝ α coupling the A 1g Raman intensity strongly decreases in the magnetic state, contrary to the experimental results. Coupling viaĝ pd produces the opposite behavior: a very large enhancement of the A 1g intensity in the magnetic state, which stays much larger than the B 1g intensity in all the range of parameters studied. Due to uncertainties in the absolute values of the couplings, it is neither possible to know the intensity resulting from the sum of bothĝ α andĝ pd nor to address careful comparison with experiments.
For most values of the electronic interactions, the electron-phonon coupling induces softening of the phonon frequency in the magnetic state as compared to the paramagnetic state. This behavior is ascribed to the multiorbital character of the iron superconductors. Hardening is observed for large values of the interaction U when coupling happens viaĝ pd . Narrowing or broadening of the phonon line can appear in the magnetic state depending on the parameters.
With symmetry arguments similar to the ones used above, a finite phonon intensity in the B 1g symmetry would be also expected in a nematic state 66, 67 in the absence of magnetism.
